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ABSTRACT: It is well-known that neat AB linear diblock
copolymers can form 3-fold double-gyroid (DG) bicontinuous
tubular network nanostructures but cannot form thermodynami-
cally stable 4-fold double-diamond (DD) structures. Although
theoretical studies have suggested that blending homopolymers or
homopolymer-like diblock copolymers into diblock copolymers
can stabilize the DD structures in a wide region, experimentally
achieving a stable DD structure in diblock copolymer systems still
remains challenging. A series of previous studies has demonstrated
that the binary blends composed of two A1B/A2B diblock
copolymers with equal B-blocks but unequal A-blocks exhibit
unique capability in stabilizing diverse nonclassical ordered
structures by substantially shifting phase boundaries. In this
work, we first employed self-consistent field theory (SCFT) to investigate the self-assembly behavior of the A1B/A2B blends and
identified the parameters for stable DD structures. Our theoretical results reveal that the stability of DD structures is sensitive to the
volume fraction of the AB diblock copolymers with shorter A-blocks, as well as sensitive to the length ratio of the two A-blocks.
Guided by our theoretical predictions, we synthesized a number of polyisoprene-b-polystyrene (PI-b-PS) diblock copolymers. We
subsequently blended diblock copolymers with varying polyisoprene (PI) lengths and investigated their self-assembled structures
across various blending ratios. The DD structure was identified by small-angle X-ray scattering (SAXS) and confirmed by
transmission electron microscopy (TEM). Our work demonstrates that experiments guided by reliable SCFT predictions can
efficiently discover intriguing nonclassical nanostructures. In addition, our work confirms that this A1B/A2B binary blend possesses
significant potential for stabilizing diverse novel structures.

■ INTRODUCTION
Block copolymers can self-assemble into periodically ordered
nanostructures that have promising applications in a wide
range of fields.1−3 Over the past decades, the understanding of
the self-assembly behaviors of block copolymers is gradually
being improved through the concerted interplay between
experiment and theory.4−6 One of the most applicable class of
structures is the bicontinuous tubular network structure due to
their unique features of domain connectivity and high
interfacial area.2,7−9 The most common bicontinuous tubular
network structure formed by AB-type block copolymers is
double-gyroid (DG) that features two interwoven networks
with Ia3̅d space symmetry, each comprising a periodic array of
three-branched nodes interconnected by struts.10 In mathe-
matics, there are many other types of bicontinuous tubular
network structures, like 4-fold double-diamond (DD) and 6-
fold double-primitive (DP).11,12 In fact, it took a rather long
period for experimentalists to finally determine that DG is the
stable structure in simple block copolymer melts but not
DD.10,13−19 Though many self-assembled structures can be
precisely controlled by tailoring the composition and
architecture of block copolymers, how to obtain the DD

structure, especially in simple block copolymer systems,
remains an interesting and challenging question. Moreover,
how to stabilize the DG structure in a wide range of
component volume fractions is another issue worth studying
because it may broaden the application of DG structure.

It has been known that the higher-valency DD structure has
less uniform interfacial curvature or more uneven domain
thickness between the strut and the node than the DG
structure. When uniform block copolymers self-assemble into
the DD structure, they are more frustrated to maintain both
uniform curvature and even domain thickness. In other words,
the packing frustration of block copolymers in the DD
structure is higher than that in the DG structure. This explains
why DD is usually less thermodynamically stable than DG in
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many neat AB-type block copolymers.20 Accordingly, one
straightforward method of stabilizing the DD structure is to
add homopolymers into AB diblock copolymers.21,22 The
homopolymer is selectively to fill the central space of each
node, alleviating the overstretching caused by the need for the
block to extend there. Recent theoretical studies suggest that
adding homopolymer-like diblock copolymers into DG-
forming diblock copolymers can also effectively stabilize the
DD structure, and even the DP structure.23

Alternatively, the DD structure may also be stabilized by
tailoring the composition and architecture of AB-type block
copolymers. Recently, Li et al. have predicted stable DD and
DP structures together with the DG structure in neat A′(A″B)5
melts.24 They have elucidated that the special architecture is
able to automatically adjust the conformation of the polymers
to adopt to the highly different geometries of the strut and
node. More critically, the self-adoptable architecture can
control the size difference between strut and node, thus
stabilizing the DD and DP structures. In addition, experimen-
talists have also observed stable high-valency DD or DP
structure in some special neat block copolymer melts. Chen et
al. observed the DD structure in isotactic polypropylene-b-
polystyrene (iPP-b-PS) and syndiotactic polypropylene-b-
polystyrene (sPP-b-PS) diblock copolymers,25,26 and Park et
al. achieved the DP structure in polystyrene-b-poly(ethylene
oxide) (PS-b-PEO) diblock copolymers with functionalized
ends.27 Nevertheless, understanding the stabilization mecha-
nism of the DD or DP structure still presents a challenge for
theory due to the modeling difficulty of these special systems.

Compared to designing the architecture or chemical
structures of block copolymers, blending is more economically
feasible for experiments.28−34 For blending, binary blending is
clearly a minimal model. More than 20 years ago, Yamaguchi
and Hashimoto discovered some interesting self-assembly
behaviors in simple AB/AB blends.35 For example, they
observed hexagonal cylinders in the blend composed of two
lamella-forming diblock copolymers with largely different
molecular weights, which seemed counterintuitive. Ten years
later, Li et al. have confirmed the formation of the hexagonal
cylinders in this binary blend using self-consistent field theory
(SCFT).36 In recent ten years, a lot of astonishing self-
assembly behaviors were predicted by SCFT.37−39 Our group
purposely designed an A1B/A2B binary blend composed of two
AB diblock copolymers with the same B-blocks but with
different A-blocks to significantly broaden the spherical phase
region, and thus to stabilize Frank−Kasper structures (σ, A15,
and Laves C14 and C15).40 Moreover, most of these
predictions have been confirmed by experiments.29 In a
subsequent work, we predicted another unusual HCP-type
“binary” spherical structure in the A1B/A2B blend by increasing
the length ratio of the two A-blocks.41

The main reason for selecting two equal B-blocks in the
A1B/A2B blend is that two equal B-blocks possess the shortest
extension distance, which maximally amplifies the interfacial
curvature toward the A-blocks. Accordingly, the phase
boundaries can be largely shifted to large volume fraction ( f)
of A-blocks. In the previous works,40,41 the volume fraction f1
of the short A1-block of one AB diblock copolymer was fixed at
a low value so that the neat diblock copolymer forms the
classical body-centered cubic (BCC) spherical structure, thus
mainly expanding the spherical phase region of the A1B/A2B
blend. Subsequently, a larger value of f1 was investigated for
enlarging the cylindrical phase region.42 In a word, f1 should be

a critical parameter in controlling the self-assembly behavior of
A1B/A2B blends.

In this work, we investigated the self-assembly behavior of
A1B/A2B binary blends with larger values of f1, and focused
mainly on the formation of bicontinuous tubular network
structures, especially the DD structure. We first employed
SCFT to construct the phase diagrams of the A1B/A2B blend.
Under the guide of the calculated phase diagram, we
synthesized PI-b-PS using living anionic polymerization
(LAP) and, prepared the blends to explore their self-assembly
structures. It is necessary to mention that Matsushita et al. have
found the DD structure in the ternary blends composed of
three PS-b-PI diblock copolymers with same PS-blocks but
different PI-blocks, but they failed to observe the DD structure
in the corresponding binary blend.30 Therefore, our work will
answer whether the ternary blend is essential for the
stabilization of DD. In addition, our work will clarify that the
addition of homopolymers or homopolymer-like diblock
copolymers is also not necessary for the formation of DD
structure.

■ METHODS
Self-Consistent Field Theory Simulation. We consider a binary

blend of volume V, composed of n1 A1B1 and n2 A2B2 diblock
copolymer chains. Each AiBi (i = 1 and 2) chain contains NKdi

= f Kdi
Ni

statistical K-segments (K = A and B) with NAdi
+ NBdi

= Ni. For
simplicity, we assume all segments have the same Kuhn length b and
density ρ0. We designate N1 = N as the reference and set N2 = γN.
The blending system can be described either in the canonical
ensemble43 or in the grand canonical ensemble.44 In the canonical
ensemble, the concentration of A1B1, ϕ1 = n1N1/(n1N1 + n2N2), is
specified. Whereas, in the grand canonical ensemble, the concen-
tration is variable and regulated by the chemical potential, μi (i = 1
and 2). Only one of the two chemical potentials, μ1 and μ2, is
independent due to the incompressibility condition, and we set μ1 = 0
for convenience. Accordingly, ϕ1 is regulated by μ2 or, equivalently,
the activity z = z2 = exp(μ2/kBT), where kBT is the unit of thermal
energy at temperature T and kB is the Boltzmann constant. For a given
set of chemical potentials, two different ordered phases with equal
grand-canonical free energies usually possess different concentrations,
leading to the coexistence region of the two phases with respect to the
concentration. Under the approximations of the mean-field treatment
and Gaussian-chain model, the free energy of the binary A1B1/A2B2
blend in the canonical ensemble at temperature T is expressed as43

=

+ {

[ ]}

NF
V k T

Q Q

V
N w

w

r r r r r

r r r r r

ln
(1 )

ln

1
d ( ) ( ) ( ) ( )

( ) ( ) ( ) 1 ( ) ( )

0 B
1 1

1
2

A B A A

B B A B (1)

where ϕK(r) (K = A and B) is the spatial distribution of the volume
fraction of K-block and wK(r) is its conjugate potential field. η(r) is a
Lagrange multiplier used to enforce the incompressibility condition,
ϕA(r) + ϕB(r) = 1. The two quantities Q1 and Q2 are the single chain
partition functions of the two types of diblock copolymers interacting
with the mean fields of wA(r) and wB(r) produced by surrounding
chains, which can be written as

= †Q
V

q s q sr r r
1

d ( , ) ( , )1 1 1 (2)

= †Q
V

q s q sr r r
1

d ( , ) ( , )2 2 2 (3)

where qi(r, s) and qi†(r, s) (i = 1 and 2) are the propagator functions
giving the probability of finding the s-segment on the chain contour at
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spatial position r starting from the free ends of A-block and B-block,
respectively. These propagator functions satisfy the modified diffusion
equations that can be found in the literature.41,45,46

In our SCFT calculations, Rg = (N/6)1/2b is chosen as the unit of
spatial length, and the contour variable s ∈ [0, 1] for A1B1, while s ∈
[0, γ] for A2B2. By minimizing the free energy with respect to both the
volume fraction ϕK(r) and the potential field wK(r) (where K = A, B),
we obtain the standard SCFT equations, which are also well-
documented in the literature.41,45,46

To determine the phase coexistence regions, we construct the
phase diagram through SCFT calculations in the grand canonical
ensemble, where the free energy (grand potential) is expressed in
units of kBT as47

= +

{

[ ]}

NF
V k T

Q zQ
V

N w

w

r r r r r

r r r r r

1

d ( ) ( ) ( ) ( )

( ) ( ) ( ) 1 ( ) ( )

0 B
1 2

A B A A

B B A B (4)

where z = z2 = exp(μ2/kBT) is the activity. In the grand canonical
ensemble, the volume fraction distributions take a different form from
those in the canonical ensemble, though all other SCFT equations are
the same. More details about these equations can be found in
literature.41,45,46

In the grand canonical ensemble, the spatial average concentration
ϕ1 is conjugated to z, and thus determined by

= =Q z Q1.01 1 2 (5)

Both the canonical and grand canonical ensemble formulations of
SCFT can be numerically solved through standard iterative
approaches. We utilize the pseudospectral method48,49 to solve the
modified diffusion equations, combined with Anderson mixing50 to
accelerate convergence to equilibrium SCFT solutions. Previous
studies have demonstrated that the pseudospectral method achieves
reliable free energy accuracy when using enough fine grids and small
contour steps. A grid spacing of smaller than 0.2Rg and a chain
contour step size of Δs ≤ 0.01 are used in our calculations.
Experimental Methods. Polyisoprene-b-polystyrene (PI-b-PS)

diblock copolymers with various volume fractions were synthesized by
living anionic polymerizations in cyclohexane at room temperature
under a purified nitrogen atmosphere using n-butyllithium as the
initiator. The polymerization of isoprene was conducted for 4 h,
followed by a 2 h styrene polymerization. Detailed procedures can be
found in the previous work.51 The number-average molecular weight
(Mn) and molecular weight distribution (Mw/Mn) of the copolymers
were measured using size exclusion chromatography (SEC) (Figure
S1). The volume fractions were determined by SEC and proton
nuclear magnetic resonance (1H NMR) spectra (Figure S2). The
molecular characteristics of samples are summarized in Table 1.

Under the guide of the SCFT, we synthesized a series of PI-b-PS
diblock copolymers with nearly identical PS-blocks (approximately
30,000 g/mol) and varying PI blocks with molecular weight ranging
from 13,700 to 76,300 g/mol. The IS33 and IS35 samples were
selected for binary blending with other five samples with relatively
longer PI-blocks. The volume fractions of the samples IS33 and IS35
in the series of binary blends varied from 10/90 to 90/10 in 10%
steps. All samples were prepared via solution casting from 5 wt %
THF solutions, followed by slow solvent evaporation at room
temperature (RT). To ensure complete THF removal, the cast films
were first dried under vacuum for 24 h. Subsequently, the samples
were thermally annealed at 150 °C under high vacuum for over 24 h,
followed by rapid quenching in liquid nitrogen.

The microphase separation morphologies were characterized using
transmission electron microscopy (TEM) and small-angle X-ray
scattering (SAXS) techniques. For TEM analysis, ultrathin sections
(90 nm thickness) were prepared using a Leica Ultracut Microtome
(FC7-UC7 Leica Ltd.) at −90 °C, followed by I2 vapor staining for 12
h at room temperature to enhance contrast. The PI microdomains

were stained and looked dark because of selective staining with I2
vapor. TEM imaging was performed at room temperature using a
field-emission TEM (Talos F200S G2 Thermo Fisher Ltd.) operated
at 200 kV. SAXS measurements were performed using both laboratory
and synchrotron radiation sources. Laboratory-scale SAXS data were
collected on a Xenocs Xeuss 2.0 instrument with an X-ray wavelength
of λ = 1.54 Å, using a detector distance of ∼2.3 m and 300 s exposure
time. Synchrotron SAXS was conducted at the Shanghai Synchrotron
Radiation Facility (SSRF) with a wavelength of λ = 1.24 Å and
detector distance of ∼2.2 m. The magnitude of the scattering vector
(q) is given by q = 4π/λ sin(θ/2), where λ is the wavelength of the X-
ray and θ is the scattering angle.

■ RESULTS AND DISCUSSION
SCFT Results. The self-assembly behavior of the A1B/A2B

blends with equal B-blocks is mainly controlled by three
parameters, the volume fraction of A1-block ( f1), the length
ratio of the two copolymers (γ) and the concentration of A1B
(ϕ1). In previous works, a relatively small value of f1 like f1 =
0.15 or f1 = 0.23 was chosen to explore the self-assembly
behavior for the formation of spherical structures. Here we first
consider a rather larger value of f1 = 0.36 and χN = 20, of
which the pure diblock copolymer forms the DG structure
(Figure S3), to construct the two-dimensional phase diagram
at the γ−ϕ1 plane, focusing on the network structures.
Accordingly, we selected candidate structures from those
structures that are usually neighboring to or often compete
with DG, including hexagonal array of cylinders (C6), lamellae
(L), DD and Fddd (O70) (Figure S4).

The phase diagram of the A1B/A2B blend with respect to γ
and ϕ1 is constructed by SCFT calculations in the grand
canonical ensemble as shown Figure 1. When γ < 2.9,
corresponding to the volume fraction of A2B diblock
copolymer f 2 < 0.779, the DG structure transfers to L as the
long A2B diblock copolymer is added. Due to the increasing
difference in length between the two A-blocks with increasing
γ, the coexistence region between DG and L progressively
widens. Interestingly, the DD and C6 structures appear before
the transition from DG to L for γ > 2.9, leading to the
transition from DG to DD, C6 and then back to DG. Both DD
and C6 structures exhibit considerable stability windows.
Specifically, the phase region of DD spans the range of 2.9 <
γ < 3.8, and the largest width is Δϕ1 ≈ 0.06 that is enough for
experiments to target the DD structure. The relevant transition

Table 1. Molecular Characteristics of PI-b-PS Diblock
Copolymers

samplea f PI
b Mn,PI

c Mn,PS
b,c Mw/Mn

c Nd γIS35
e γIS33

f

IS33 0.33 13,700 31,800 1.09 694 1
IS35 0.35 14,500 31,700 1.09 708 1
IS43 0.43 19,500 30,300 1.09 771 1.09 1.11
IS52 0.52 25,600 27,800 1.10 838 1.18 1.21
IS64 0.64 39,800 26,600 1.10 1061 1.50 1.53
IS71 0.71 62,200 29,400 1.09 1480 2.09 2.13
IS74 0.74 76,300 31,000 1.06 1742 2.46 2.51

aEach sample is labeled as ISxx, where xx corresponds to the volume
fraction of PI in the sample. bThe calculation is performed using 1H
NMR, with the known densities of polyisoprene (ρPI = 0.830 g/cm3)
and polystyrene (ρPS = 0.969 g/cm3). cDetermined by SEC. dThe
number-average degree of polymerization N was derived from the
equation N = (Mn,PSρPS

−1 + Mn,PIρPI
−1)Nav

−1v−1, where Nav is the Avogadro
number and v = 118 Å3 is the segment volume. eγIS35 = Nx/NIS35,
where Nx is the number-average degree of polymerization of all
blended samples. fγIS33 = Nx/NIS33.
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mechanism will be discussed later. Note that there exists
another narrow DD phase region below the C6 region for γ >
3.6, which may potentially correspond to other unconsidered
structures. Since our primary focus lies in theoretically guiding
the experimental realization of the DD structure, here we will
not elaborate further on this particular aspect.

It has been known that the phase behavior of the A1B/A2B
blend is sensitively dependent on f1 of A1B diblock copolymer.
We consider another value of f1 = 0.33, corresponding to the
C6 structure of the pure diblock copolymer (Figure S3), to see
whether the DD structure can be formed in the blend. The
phase diagram in Figure 2 indicates that the C6 structure
transfers to DG and then to L. Within the considered range of
2.0 < γ < 3.8, no DD structure is observed. This implies that a
larger value of f1 would be necessary to achieve a stable DD
structure.

Although our SCFT results cannot provide quantitative
guidance to experiments, they do offer qualitative insights. The

theoretical results reveal that one of the most critical factors for
forming the DD structure is to select f1 preferably within the
DG phase region of the pure diblock copolymer. The second
important factor is to maintain equal B-block lengths while
ensuring sufficient difference in the molecular weights between
the two copolymers (or between the two A-blocks). Another
nontrivial factor is that the DD structure typically emerges in
the region of relatively large ϕ1. Based on these guidelines, we
synthesized two short diblock copolymers (IS33 with f1 = 0.33
and IS35 with f1 = 0.35) and five long diblock copolymers
(IS43 with f 2 = 0.43, IS52 with f 2 = 0.52, IS64 with f 2 = 0.64,
IS71 with f 2 = 0.71 and IS74 with f 2 = 0.74). Subsequently, we
investigated the self-assembly behavior of the blend systems by
pairwise mixing the copolymers with short and long PI blocks.

Experimental Verification. We first examine the self-
assembled morphologies of the pure IS35 and IS33 samples
(Figure 3). For IS35, the relative scattering peak ratios are 6 ,

8 , 14 and 22 , corresponding to the DG structure. And
the scattering peak ratios for IS33 are 1, 3 , 2, 7 and 3,
evidencing the C6 structure. Therefore, the two samples we
synthesized qualitatively match the short diblock copolymers
considered in our SCFT calculations.

We first blended IS71 and IS74 with IS35, respectively,
corresponding to γ = 2.09 and γ = 2.46. For the IS35/IS71

Figure 1. Phase diagram with respect to γ and ϕ1 for the A1B/A2B
binary blend with χN = 20 and f1 = 0.36, where unmarked regions
indicate the coexistence regions between each pair of adjacent phases.

Figure 2. Phase diagram with respect to γ and ϕ1 for the A1B/A2B
binary blend with χN = 20 and f1 = 0.33, where unmarked regions
indicate the coexistence regions between each pair of adjacent phases.

Figure 3. Synchrotron SAXS profiles of IS35 and IS33. The sequence
of peaks in SAXS profiles is marked by inverted triangles. The original
2D SAXS data are presented as insets.
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blends (Figure 4a), the SAXS profiles suggest that the self-
assembled structures change from DG to C6 at ϕ1 = 0.8, DD at
ϕ1 = 0.7 and ϕ1 = 0.6, L at 0.2 ≤ ϕ1 ≤ 0.4, and finally to
hexagonal array of PS-cylinders (C6

B, same as the bulk phase of
the pure IS71 sample) as the concentration of IS71 increases
or ϕ1 decreases. For the IS35/IS74 blends (Figure 4b), the DD
structure is observed in a wider range of 0.6 ≤ ϕ1 ≤ 0.9, and
the C6 structure does not appear in the transition sequence.
These experimental results are in qualitative agreement with
our SCFT predictions.

To confirm the formation of the DD structure, we
performed synchrotron SAXS measurements to obtain high-
er-resolution scattering peaks for the morphology formed by
the IS35/IS71 blend with ϕ1 = 0.6, along with corresponding

TEM images. The SAXS profile (Figure 5a) clearly contains
scattering peak series with q ratios of 2 , 3 , 4 , 6 , 8 and

9 , which are the typical scattering peaks of DD. Moreover,
the TEM images in Figure 5b,c match the simulated (100) and
(111) planes of the DD structure well.

Figure 6 summarizes the self-assembled structures of the
binary blends composed of one of the two short diblock
copolymers (IS35 and IS33) and one of the five long diblock
copolymers. The corresponding γ-values for the five long
chains relative to the IS35 chain are 1.09, 1.18, 1.50, 2.09, and
2.46, respectively, while they become 1.11, 1.21, 1.53, 2.13, and
2.51 for IS33. As mentioned before, the DD structure is
observed at γ = 2.09 and 2.46 for the IS35-containing blends.
For γ ≤ 1.5, the DG structure directly transfers to L with

Figure 4. SAXS profiles of blends (a) IS35/IS71 and (b) IS35/IS74 at different ϕ1 values, where ϕ1 represents the volume fraction of IS35 in the
IS35/IS71 and the volume fraction of IS33 in the IS33/IS71. The schematic in the upper right corner of each panel illustrates the two copolymer
chains.

Figure 5. Synchrotron SAXS profiles of IS35/IS71 blends with ϕ1 = 0.6 (a). The SAXS peak sequence is denoted by inverted triangles and the inset
displays the original two-dimensional scattering data. Panels (b,c) present TEM images of the sample IS35/IS71 with ϕ1 = 0.6. The insets in the
TEM images show the simulated (100) and (111) planes of the DD structure.
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decreasing ϕ1, without the appearance of DD (Figure 6a).
Although the DD structure is also observed in the IS33-
containing blends with γ = 2.13 and 2.51 (Figure 6b), its
region is noticeably narrower than that in Figure 6a. Moreover,
the transition sequence at γ ≤ 1.53 in Figure 6b becomes C6 →
DG → L, which is due to the generally smaller average volume
fraction of A-blocks and thus higher curvature of the IS33-
containing blends than the counterparts of IS35. In this paper,
curvature refers to the average mean curvature. This
comparison indicates that f1 of short diblock copolymer is
more conducive to stabilizing the DD structure within their
DG phase region than in the C6 region, which qualitatively
aligns with our theoretical conclusion.

There exist some discrepancies between the transition
sequence of DG → C6 → DD → L experimentally observed
in the IS35/IS71 blends and that of DG → DD → C6 → DG
→ L predicted by SCFT accompanied by a decrease in ϕ1 in
Figure 1, mainly manifested by the appearance of the C6
structure at the side of smaller or larger ϕ1. In fact, both phase

sequences exhibit a common characteristic: the curvature first
increases and then decreases (the curvature of the C6, DG and
DD structures in SCFT see Figure S5). This is primarily
because the curvature effect is governed by two factors, the
average volume fraction of A-blocks f( )A and the local
segregation of the two distinct A-blocks.35,36,40,41 Specifically,
the spontaneous curvature bending toward A-blocks com-
monly decreases with increasing fA . On the other hand,
previous works have verified that the curvature can be
amplified by the core−shell distribution of long and short A-
blocks inside the curvature in the A1B/A2B blend with equal B-
blocks. For different f1, the maximal curvature may appear at
the different values of ϕ1, where the C6 structure is preferably
formed.

The color spectrum for the magnitude of fPI in Figure 6
shows that DG is formed in the IS35-containing blends with

f0.35 0.437PI that is considerably wider than that of pure
PI-b-PS diblock copolymer. In comparison, the DD structure is

Figure 6. Experimental phase diagrams of the binary blends of IS35/IS43 (γ = 1.09), IS35/IS52 (γ = 1.18), IS35/IS64 (γ = 1.50), IS35/IS71 (γ =
2.09) and IS35/IS74 (γ = 2.46) (a) and IS33/IS43 (γ = 1.11), IS33/IS52 (γ = 1.21), IS33/IS64 (γ = 1.53), IS33/IS71 (γ = 2.13) and IS33/IS74 (γ
= 2.51) (b). The color spectrum represents the average volume fraction of PI-blocks in the blends.

Figure 7. Free-energy comparison among the DG, DD, and C6 structures along varying ϕ1 at fixed γ = 3.4 for f1 = 0.36 (a) and f1 = 0.33 (b).
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observed in an even wider range of larger fPI, that is,
f0.389 0.506PI . In the phase diagram of the IS33-

containing blends, the phase region of DD is significantly
narrowed. This is because f1 of the short diblock copolymer is
located in the C6 region of rather high curvature, the binary
blend formed after adding the long diblock copolymer
maintains the C6 structure over a broad range of ϕ1 where
the curvature first increases and then decreases, thereby
compressing the DD region.
Mechanism Explanation. The free-energy comparisons in

Figure 7 show that the addition of the long A2B diblock
copolymer can stabilize the DD structure over the DG
structure in a considerable region of ϕ1 for both f1 = 0.33 and f1
= 0.36 (typical free-energy comparisons containing more

phases are shown in Figure S6). Note that DD is always less
stable than DG in the pure AB diblock copolymer with f1 =
0.33 or f1 = 0.36 (i.e., at ϕ1 = 1). These results clarify that the
second diblock copolymer serves as the critical factor of
stabilizing the DD structure over the DG structure, which will
be discussed later. The range of 0.66 ≲ ϕ1 ≲ 0.91 where DD is
more stable than DG at f1 = 0.33 is wider than 0.71 ≲ ϕ1 ≲
0.88 at f1 = 0.36, however, the DD structure remains less stable
than the C6 structure within this entire range of 0.60 < ϕ1 <
0.95 at f1 = 0.33. Although the range of ϕ1 where DD is more
stable than DG significantly narrows as f1 increases from 0.33
to 0.36, there still exists a region within this ϕ1 range where
DD is also more stable than C6, which corresponds to the
thermodynamic stability region of the DD structure. Therefore,

Figure 8. 3D density distributions of (a1) short and (a2) long A-blocks in the stabilized DD structure under conditions of γ = 3.4 and ϕ1 = 0.84.
(b) Displays the volume fraction distributions of different blocks along the body diagonal indicated by the arrow in (a2), with the gray dashed lines
representing the nodes in the DD structure. (c) Schematics illustrating the chain packing of two different AB diblock copolymers in the DD
structure.

Figure 9. Two-dimensional density distributions of A1- and A2-blocks in the cross-section of the DD structure along the (110) plane (dashed-box
direction in (a)) for γ = 2.0, ϕ = 0.84 (b1,b2), for γ = 3.4, ϕ = 0.84 (c1,c2), and for γ = 3.4, ϕ = 0.60 (d1,d2).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c01972
Macromolecules 2025, 58, 9776−9785

9782

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c01972/suppl_file/ma5c01972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c01972?fig=fig9&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c01972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to achieve a stable DD structure, we must not only enhance the
stability of DD relative to DG, but also need to prevent the C6
structure from occupying the stability region of DD due to the
increased curvature by the core−shell effect in the binary
blends. This is why we need to choose a rather high value of f1.

The addition of the long diblock copolymer (NAd2
≫ NAd1

)
not only increases fA but also amplifies the curvature effect,
shifting the phase boundaries toward large fA and thus favoring
the formation of DD. Another critical factor is that the long A2-
block can preferentially extend to fill the central space of the
bulkier node of DD, relieving the high packing frustration.
Figure 8(a1,a2) respectively display the three-dimensional
density distributions of the short A1-blocks and the long A2-
blocks in the DD structure at γ = 3.4 and ϕ1 = 0.84. The short
A1-blocks are primarily distributed on the surface of the DD
structure, while the long A2-blocks are mainly located in the
interior of the DD structure, especially preferentially extending
to the center of the bulkier node. From the one-dimensional
density distributions (Figure 8b), it can be observed that this
localized segregation effect is more pronounced at the nodes of
the DD structure.

Moreover, the highly distinct curvatures of the two diblock
copolymers facilitate their local segregation, enabling adapta-
tion to the largely variable interfacial curvature of the DD
structure. We obtain stable DD structure regions at both large
γ and ϕ1, which is related to the local segregation of the A-
blocks. When γ is small (Figure 9(b1,b2), γ = 2.0), the length
difference between A1-blocks and A2-blocks is relatively minor,
resulting in insignificant local segregation between A1-blocks
and A2-blocks. The excessive stretching of the shorter A1-
blocks becomes entropically unfavorable for the system,
thereby making the DD structure unstable. When ϕ1 is small
(Figure 9(d1,d2), ϕ1 = 0.6), the large volume fraction of A2-
blocks in the phase domain leads to the overconcentrated
packing of the long A2-blocks in the nodes and struts of the
DD structure, which is also unfavorable from the aspect of
spontaneous curvature. Therefore, stable DD structures only
form under appropriate γ and ϕ1 conditions (Figure 9(c1,c2)),
where the localized segregation effect can effectively alleviate
the packing frustration of the blocks.

■ CONCLUSION
In summary, we have investigated the self-assembly behavior of
A1B/A2B binary blends combining self-consistent field theory
(SCFT) calculations and experiments, focusing on the
exploration of thermodynamically stable DD structure. The
A1B/A2B blend is purposely designed to be composed of two
AB diblock copolymers with equal B-blocks but unequal A-
blocks, aiming to largely amplify the effect of spontaneous
curvature toward A-blocks. We first employ SCFT to identify
the stable region of the DD structure in the binary blend
system. The analysis focuses on two key parameters: the length
ratio γ and the volume fraction ϕ1 of the short diblock
copolymer, while keeping other parameters (χN and f1) fixed.
Under the guide of SCFT results, we synthesized diblock
copolymers to prepare the blending samples and experimen-
tally achieved the DD structure with the volume fraction of the
channels varying from 0.389 to 0.506. Our SCFT calculations
demonstrate that the addition of the long A2B diblock
copolymer can readily enhance the stability of the DD
structure over the DG structure by releasing the high packing
frustration in the former. Furthermore, our work unveils that

the formation of DD is sensitive to f1, which needs to be
located in the phase region of DG of the short A1B diblock
copolymer but not close to the C6/DG boundary in order to
suppress the formation of C6. Our work demonstrates that the
A1B/A2B blend with equal B-blocks but unequal A-blocks
exhibits a superior capacity of stabilizing the DD structure
evidenced by its considerable parameter space for stable DD.
Considering that many nonclassical ordered structures have
been stabilized by this A1B/A2B blend, more intriguing novel
structures are likely to be experimentally discovered in this
blending system by varying f1, especially under the guide of
SCFT.
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